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Abstract
We report a theoretical study of Sb2S3, Sb2Se3 and Bi2S3 sesquichalcogenides at hydrostatic pressures up to 60 GPa. We
explore the possibility that the R-3m, C2/m, C2/c and the disordered Im-3m phases observed in sesquichalcogenides with
heavier cations, viz. Bi2Se3, Bi2Te3 and Sb2Te3, could also be formed in Sb2S3, Sb2Se3 and Bi2S3, as suggested by recent
experiments. Our calculations show that the C2/m and C2/c phases are energetically unstable for any of the three compounds
over the entire range of pressures examined. In contrast, the disordered bcc-like Im-3m phase is energetically stable at high
pressures; however, it is only for Sb2Se3 that the disordered phase presents dynamical stability below 60 GPa. Our calculations
further show that at ambient pressure the Pnma phase is the most energetically favourable for Sb2S3 and Bi2S3 whereas,
and surprisingly, for Sb2Se3 it is the R-3m phase which presents the lowest enthalpy energy at 0 GPa, in contradiction to
experimental evidence. From lattice dynamics and elastic tensor calculations we observe that both Pnma and R-3m phases are
dynamically and mechanically stable at 0 GPa. These results suggest that the formation of the R-3m phase for Sb2Se3 could
be feasible at close to ambient conditions. Furthermore, and to aid the identification of this phase, we provide the theoretical
crystal structure (lattice and atomic parameters) and complete infrared and Raman spectra.
PACS numbers:
I. INTRODUCTION
Since the identification of the trigonal tetradymite-
like R-3m phases of group-15 sesquichalcogenides (i.e.
Sb2Te3, Bi2Se3, Bi2Te3) as 3D topological insulators,1,2
the family of A2X3 sesquichalcogenides has attracted a
great deal of attention from the scientific community.
Three-dimensional topological insulators represent a new
class of matter, with insulating bulk electronic states
and topologically-protected metallic surface states due to
time-reversal symmetry and strong spin-orbit coupling,
and present potential interest for spintronics and quan-
tum computing applications.3 Due to this fundamen-
tal interest and potential applications, identifying new
topological insulators and materials with superconduct-
ing properties is currently among the most widely-studied
topics in condensed matter science.
Stibnite (Sb2S3), bismuthinite (Bi2S3) and antimon-
selite (Sb2Se3) minerals are also group-15 sesquichalco-
genides; however, they do not crystallize at room con-
ditions in the tetradymite-like structure, but in the or-
thorhombic U2S3-type (Pnma) structure (Fig. 1.a).
Sb2S3, Bi2S3 and Sb2Se3 are semiconductors with band-
gap widths of 1.7, 1.3, and 1.2 eV, respectively.4,5 These
materials are used in a wide range of technological ap-
plications including photovoltaic solar cells, X-ray com-
puted tomography detectors, fuel cells, gas sensors and
for detection of biomolecules.6–12
The Pnma structure has been identified as a possible
post-post-perovskite phase of (Mg,Fe)SiO3 minerals and
of NaFeN3 at high pressure (HP).13,14 Thus, the study of
Sb2S3, Bi2S3 and Sb2Se3 at HP could also provide useful
information about the HP behaviour of the ABO3 min-
erals, which are found in the mantle of the Earth. In this
context, initial experimental HP studies of Sb2S3, Bi2S3
and Sb2Se3 have shown that the Pnma structure is sta-
ble under compression, with first-order phase transitions
(PTs) occurring around 50 GPa.15–19 Curiously enough,
recent HP studies have found that Sb2Se3 becomes a
topological superconductor at around 10 GPa and 2.5
K,20 exhibiting highly conducting spin-polarized surface
states similar to Bi2Se3.21 Moreover, three further studies
have suggested that several first- and second-order PTs
occur for Sb2S3 up to 50 GPa.22–24 Furthermore, it has
also been suggested that the HP phases of Sb2S3 could be
similar to those observed for heavier sesquichalcogenides
such as Bi2Se3, Bi2Te3 and Sb2Te3.25 Therefore, it is of
interest to examine and compare the stability of differ-
ent structural phases (R-3m, C2/m, C2/c and disordered
Im-3m) observed for heavier cation sesquichalcogenides
(i.e. Bi2Se3, Bi2Te3 and Sb2Te3) on our three miner-
als of interest, Sb2S3, Bi2S3 and Sb2Se3, and at different
pressure conditions.
On the other hand, several theoretical studies per-
formed on the R-3m structure of Sb2Se3 have suggested
that this phase should undergo a topological quantum
phase transition under compression.26,27 In fact, it has
been reported that such a topological transition was ob-
served experimentally at 2 GPa.28 Furthermore, recent
calculations suggest that the tetradymite-like Sb2Se3
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FIG. 1: Images of the Pnma (a), R-3m (b), C2/m (c), C2/c (d), disordered bcc-type Im-3m (e) A2X3 sesquichalcogenide
structures (A = Sb, Bi; X = S, Se). The C2/m nine/ten-fold structure used to model the disordered Im-3m phase is also shown
for comparison (f). The A cations and X anions are shown as brown and yellow spheres, respectively.
structure becomes a topological insulator at ambient
pressure.29 Consequently, HP studies performed on these
group-15 sesquichalcogenides are highly relevant to the
research on topological states, therefore possible HP
phases of these compounds should be thoroughly eval-
uated. It is worthy of mentioning, that a recent work
performed on Bi2S3 predicts the system to be unstable
under compression, and decomposing into another stoi-
chiometric system30
In this work, we report theoretical simulations at 0 K of
the Pnma and hypothetical R-3m, C2/m, C2/c and Im-
3m phases for Sb2S3, Sb2Se3 and Bi2S3 (Figure 1), with
a view to assessing which, if any, are likely to fulfil either
of the stability conditions under hydrostatic pressure.
II. THEORETICAL METHODOLOGY
The structural properties of the different crystalline
phases of Sb2S3, Bi2S3 and Sb2Se3 were calculated within
the framework of density-functional theory (DFT).31
The Vienna Ab-initio Simulation Package (VASP) code32
was employed to perform simulations with the projec-
tor augmented-wave (PAW) scheme including six valence
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electrons for S[3s23p4] and Se[4s24p4] and fifteen va-
lence electrons for Sb[4d105s25p3] and Bi[5d106s26p3].
Convergence of the total energy was achieved with
a plane-wave kinetic-energy cut-off of 600 eV. The
generalized-gradient approximation (GGA) functional
with the Perdew-Burke-Ernzerhof parameterization re-
vised for solids (PBEsol),33,34 was used for all the calcu-
lations.
The Brillouin-zone (BZ) was sampled with Γ-centered
Monkhorst-Pack35 grids employing adequate meshes for
the different structural phases of the three compounds:
Pnma - 6 × 10 × 6, R-3m - 12 × 12 × 12, C2/m - 6 ×
12 × 6, C2/c - 10 × 10 × 8, and Im-3m (using a C2/m
conventional cell) - 6 × 12 × 12.
The disordered Im-3m phase is a body-centered cu-
bic (bcc) disordered structure, and has been theoreti-
cally predicted and experimentally found for Bi2Te3 in
2011.36 For sesquichacogenides with A2X3 stoichiometry,
the bcc lattice site (2a Wyckoff position) is randomly oc-
cupied by 40% of A cations and 60% of X anions. This
means that such a structure is a disordered phase with
a mixture of cations and anions randomly sharing the
same bcc crystallographic position and forming a A-X
substitutional alloy.36 Due to the theoretical difficulty in
simulating the disordered Im-3m structure, we have used
a 9/10-fold C2/m structure (formation of 9/10 chemical
A-X bonds), as was previously employed for Bi2Te336
and Bi2Se3.37 Moreover it has been observed that the
9/10-fold C2/m structure presents a bcc-like structural
order, in agreement with the observed XRD patterns;24,36
therefore giving support to employ the calculated inter-
mediate bcc-like monoclinic C2/m phase to confirm the
experimental presence of the disordered Im-3m phase.
Structural relaxations were performed by allowing the
atomic positions and the unit-cell parameters to change
during the ionic relaxation, at different volume values
(compressions). From these we obtain the respective
external pressure for the specific applied compression
(isotropic volume compression) and hence respective set
of crystal structures. The pressure-volume (P-V) curves
for all the compounds were fitted to a third-order Birch-
Murnaghan equation of state38,39 to obtain the equi-
librium volume, bulk modulus and, respective pressure
derivative. The enthalpy, H, curves were computed by
considering the relation, H = E + pV , where E is the
total electronic energy of the system, p is pressure, and
V is the volume. The analysis and comparison of the H
curves for the different polymorphs can provide insights
regarding the thermodynamic stability of each phase for
increasing pressure values, up until the studied pressure
range (60 GPa).
Lattice-dynamics calculations were performed for the
energetically favourable polymorphs at different pressure
values, namely the Pnma and R-3m phases of Sb2Se3
at room pressure, and for the disordered Im-3m phases
of all three compounds, as explained in detail in Secs.
III B and III C. The phonon properties were computed
by using the supercell finite-displacement method imple-
mented in the Phonopy package40 with VASP used as the
force calculator.41 Supercells were expanded up to 2 × 4
× 2 for the Pnma phase, and 2 × 2 × 2 for the R-3m
and disordered phases; to allow the exact calculation of
frequencies at the zone center (Γ) and inequivalent zone-
boundary wavevectors, which were then interpolated to
obtain phonon-dispersion curves and density of states on
a uniform 50 × 50 × 50 Γ-centered q-point mesh.
To correct for the long-range Coulomb interaction
(LO-TO splitting), a non-analytical correction, based
on the Born effective-charge tensors and the electronic-
polarization component of the macroscopic static dielec-
tric tensor, was applied.42,43 These quantities were ob-
tained using the density-functional perturbation theory
(DFPT) method implemented in VASP.44
Infrared (IR) and Raman spectra were calculated for
the ground-state R-3m phase of the Sb2Se3 structure by
employing the methods described in Ref. 45 and im-
plemented in the Phonopy-Spectroscopy package.46 The
linewidths were obtained by computing the third-order
force constants and following the many-body perturba-
tive approach described in detail in Refs. 45 and 47 and
implemented in the Phono3py software.47
Elastic tensors were computed to assess the mechani-
cal stability of the two energetically favourable phases of
Sb2Se3 at 0 GPa, namely the Pnma and the R-3m poly-
morphs. Respective calculations were carried out by em-
ploying the central-difference method, where the unique
components of the elastic tensor are determined by per-
forming six finite distortions of the lattice and deriving
the tensor elements from the strain-stress relationship.48
For these calculations, it was necessary to increase the
plane-wave energy cutoff to converge the stress tensor ad-
equatly, which was achieved by systematically increasing
the plane-wave cutoff up until 950 eV. We then further
employed the ELATE software49 to analyse the linear
compressibility using the computed stress tensors.
III. RESULTS AND DISCUSSION
A. Structural properties of the Pnma phase
The Pnma phase of the A2X3 structures are com-
posed by weak stacking interactions which hold the lay-
ers along the a-axis together, which description becomes
challenging for conventional DFT functionals.18,50,51 We
have compared the equilibrium lattice parameters, bulk
moduli and pressure derivatives calculated for the Pnma
phases of Sb2Se3, Sb2S3 and Bi2S3, with existing exper-
imental and theoretical results found in literature (Tab.
I), to verify the accuracy of our theoretical calculations
as a prior step before attempting the study of the HP
phases.
By observing Tab. I we may find that our calculated
lattice paramters of Sb2Se3, calculated at room pressure
(a0 = 11.75 Å, b0 = 3.98 Å and c0 = 11.30 Å), are
found to be in good agreement with experimental values
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TABLE I: Calculated equilibrium lattice parameters (a0, b0
and c0), equilibrium bulk moduli (B0) and pressure deriva-
tives (B′0), at 0 GPa, of the Pnma phase of Sb2Se3, Sb2S3
and Bi2S3. Values are compared to experimental and other
theoretical results found in literature.
Sb2Se3 Sb2S3 Bi2S3
a0 (Å)
11.75a 11.24a 11.19a
Theo. Exp. Theo. Exp. Theo. Exp.
11.80b 11.80f 11.27b 11.30b,j,k 11.41b 11.27p
11.52c 11.79g 11.02c 11.31l,m 11.00n 11.33q
11.91d 11.30h 11.58o
11.53e 11.08i
b0 (Å)
3.98a 3.83a 3.96a
Theo. Exp. Theo. Exp. Theo. Exp.
3.99b 3.98f 3.81c 3.84b,j,k 3.97b 3.97p
3.96c,e 3.99g 3.84h 3.84l,m 3.94n 3.98q
3.98d 3.83b,i 3.99o
c0 (Å)
11.30a 10.91a 10.94a
Theo. Exp. Theo. Exp. Theo. Exp.
11.28b 11.65f,g 10.89b 11.23b,j,l,m 11.01b 11.13p
11.22c,e 10.79c 11.24k 10.83n 11.18q
11.70d 11.22h 11.05o
10.81i
V0 (Å3)
528.11a 469.6a 484.4a
Theo. Exp. Theo. Exp. Theo. Exp.
531.1b 547.1f 470.4b 486.0b 498.3b 498.4p
511.8c 547.5g 453.0c 487.7i,m,j 469.1n 501.6q
598.1r 552.5s 529.9r 488.2k 510.1o
511.6q
B0 (GPa)
31.1a 31.5a 42.3a
Theo. Exp. Theo. Exp. Theo. Exp.
70.5c 30.0f 32.2b 37.6b 83.6n 36.6p
32.7s 80.3c 26.9j 32.3o 38.9q
27.2k 36.5q 37.5u
41.4t
B′0
6.6a 6.6a 6.8a
Theo. Exp. Theo. Exp. Theo. Exp.
6.1f 6.2b 3.8b 5.9q 6.4p
5.6s 7.9j 6.4o 5.5q
6.0k 4.6u
7.8t
aThis work, bRef. 18, cRef. 52, dRef. 53, eRef. 51, fRef. 15, gRef. 54,
hRef. 55, iRef. 56, jRef. 57, kRef. 22, lRef. 58, mRef. 59, nRef. 60,
oRef. 61, pRef. 62, qRef. 16, rRef. 50, sRef. 20, tRef. 24, uRef. 19
detailed in Refs. 15 and 54 (a0 = 11.80 Å, b0 = 3.97 Å,
c0 = 11.65 Å and a0=11.79 Å, b0 = 33.98 Å and c0
= 11.65 Å, respectively), and also with values obtained
from ab initio calculations found in literature.18,51–53 We
must mention that the most notable deviation of our cal-
culated values from experimental measurements is a ∼3%
reduction of the c0 parameter (not surprisingly leading
to an underestimation of the V0 of roughly ∼3-4% when
compared to experiment). In fact our results are com-
parable to the referenced theoretical results of Ref. 18,
where calculations were also carried out by employing
PAW-PBEsol. We must also note that the c0 obtained
from Ref. 53 of 11.70 Å is quite high when compared
to the present results, however closer to experimental re-
sults; whereas the a0 parameter has a larger error when
compared to experimental values. This fact has to do
with the use of the GGA-PBE functional, which is well
known to overestimate volumes (therefore overestimat-
ing the volumes up to ∼10%, as can be confirmed in
Ref. 50). On the other hand, LDA underestimates vol-
umes, as observed from the lattice parameters provided
in Refs. 51, 52 and 60. Interestingly enough we must
note that along the b-axis, the difference between theo-
retical and experimental values are very small, since this
is the crystallographic direction where covalently bonded
chains prevail.
Similar results were obtained for our calculated lattice
parameters of Sb2S3. As shown on Tab. I, the calcu-
lated parameters for this compound agrees with exper-
imental measurements18,57 as well as with other theo-
retical results.18,52,55,56 We must note however, and as
already described for Sb2Se3, that the lattice parameters
obtained from LDA calculations tend to underestimate
respective values, and therefore the discrepancy found
for a0 presented from Refs. 52 and 56. The c0 parameter
is however closer to our PBEsol results than the GGA-
PBE values described in Ref. 55, which actually provides
a better agreement to experimental results.18,57
Results obtained for the Bi2S3 system is also consistent
with several data found in literature, both experimental
as well as theoretical. We note that calculations per-
formed on Bi2S3 by employing the Armiento and Matts-
son 2005 parametrized GGA functional (AM05)63–65
seems to show a slightly better reproduction of c0 with
respect to experimental measurements.18
The last two rows of Tab. I show the calculated B0
and B′0 results of the Pnma phase of the three com-
pounds and respective comparison to experimental mea-
surements and other calculations. The calculated values
obtained by fitting the P-V curves of Sb2Se3 to a third-
order Birch-Murnaghan equation are B0 = 31.1 GPa (B′0
= 6.6), which is close to the experimental values of B0 =
30 GPa (B′0 = 6.1) from Ref. 15 and B0 = 32.7 GPa (B′0
= 5.6) from Ref. 61.
For Sb2S3, we have obtained B0 = 31.5 GPa (B′0 = 6.6),
which is within the range of experimental values,18,22,24,57
and also with PAW-PBEsol calculations of Ref. 18.
Moreover, these results are also close to those experi-
mentally measured for the As-doped stibnite mineral.66
Finally, our values for Bi2S3 result in B0 = 42.3 GPa
(B′0 = 6.8), which is consistent with DFT data16,61 and
experimental values reported in Refs. 62, 16 and 19.
B. Energetic Stability
Since our calculations on the Pnma phases were found
to be in good agreement with the overall data found in lit-
erature, we have proceeded in carrying out a theoretical
study of the hypothetical R-3m, C2/m, C2/c and disor-
dered Im-3m phases of Sb2S3, Bi2S3 and Sb2Se3 to probe
whether such phases could be energetically competitive
under hydrostatic pressure. Figs. 2a, 2b and 2c show the
pressure-dependence of the enthalpy differences, relative
to the stable phase at ambient pressure, between the five
above mentioned phases of Sb2S3, Bi2S3 and Sb2Se3, re-
spectively. Values of the predicted transition pressures
between the different phases are summarized in Tab. II.
From the enthalpy plots (Fig. 2) we may observe that
:
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FIG. 2: Calculated enthalpy vs pressure curves, for the dif-
ferent possible phases (shown in Fig 1) of Sb2S3 (a), Bi2S3 (b)
and Sb2Se3 (c), relative to the lowest-energy phase at ambi-
ent pressure: the Pnma phase for Sb2S3 and Bi2S3 and the
R-3m phase for Sb2Se3.
TABLE II: Theoretical estimation of the pressure-induced
phase transitions of R-3m → Pnma and Pnma → disordered
Im-3m for the Sb2Se3, Sb2S3 and Bi2S3 compounds (pre-
sented in units of GPa).
Sb2Se3 Sb2S3 Bi2S3
R-3m → Pnma 4.78 – –
Pnma → Im-3m 21.07 35.12 30.08
1. At 0 GPa the orthorhombic Pnma phase is ener-
getically stable for Bi2S3 and Sb2S3; however for
Sb2Se3 it is the trigonal R-3m phase the most
favourable phase at 0 GPa.
2. The two monoclinic C2/c and C2/m phases do not
become energetically competitive with the ground-
state phase, over the range of pressures examined,
in any of the three compounds.
3. The bcc-like disordered Im-3m structure, which
can be understood as a disordered solid solution
of atoms, is the most energetically stable phase at
pressures above 35, 30 and 21 GPa for Sb2S3, Bi2S3
and Sb2Se3, respectively.
With respect to the first point, referring to Bi2S3 and
Sb2S3, our calculations predict that the Pnma struc-
ture is energetically the most stable phase throughout
the whole range of studied pressures, as expected from
experimental evidences that show the observation of re-
spective phase, both at ambient and at high pressure.
Surprisingly, however, our simulations indicate that the
R-3m phase of Sb2Se3 is the most stable phase at pres-
sures below 4.8 GPa, being both Pnma and R-3m phases
energetically competitive between 0 and 4.8 GPa. This
feature contradicts the experimental findings of Sb2Se3
consistently crystallizing to the Pnma phase at ambient
conditions. We must note however that at 0 K and 0
GPa, the energy difference between the two phases is
only 22.71 meV (per f.u.), which is lower than the ther-
mal barrier (kBT ∼ 25 meV at 300 K) required for the
phase transition to occur under ambient conditions. In
order to probe whether the vibrational contributions to
the free energy could alter the energy ordering between
the two phases, we have further plotted the free energies,
where the entropy terms are obtained from our lattice dy-
namics calculations, and which will be discussed in more
detail in Sec. III C.
Regarding the second point, our analysis further shows
that for the three studied compunds, the two monoclinic
C2/c and C2/m phases are never energetically compet-
itive up until 60 GPa. These results are compatible
with the fact that no phase transition had previously
been observed in Sb2S3, Bi2S3 or Sb2Se3 under compres-
sion up to ∼50 GPa.15–20 However, three recent stud-
ies have reported low-pressure phase transitions occuring
for Sb2S3.22–24 A transition to an unknown phase was
observed around 15 GPa,22,23 and several other transi-
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tions were also evidenced between 10 and 25 GPa, and
tentatively proposed to be the R-3m, C2/c and C2/m
structural phases. It must however be clarified that this
latter study applied an ethanol-methanol mixture as the
pressure-transmitting medium, therefore there is a pos-
sibility that the observed transitions could have been in-
duced by non-hydrostatic pressure effects.
Finally, as for the third point, from a thermodynamic
point-of-view our results indicate that the bcc-like disor-
dered Im-3m phase, initially identified for Bi2Se3, Bi2Te3
and Sb2Te3,36,37,67 seem to be energetically favourable at
HP for our three materials of interest. These results are
consistent with the observation of such a phase at around
50 GPa for Sb2Se315 and above 25 GPa for Sb2S3.22–24
However, for the Bi2S3 structure, our results do not
agree with those found in Refs. 16 and 19, where disor-
der has been observed above 50 GPa although attributed
mostly to a pressure-induced amorphization. Moreover,
a more recent work claims that Bi2S3 is unstable above
31.5 GPa, decomposing into a mixture of BiS2 and BiS
compounds.30
In summary, the agreement of our results regarding the
observation of the disordered Im-3m phase for Sb2Se3
and Sb2S3, but not for Bi2S3, suggests that thermody-
namic stability is not sufficient to explain the lack of the
HP disordered phase for the latter compound. In the fol-
lowing section we discuss the dynamical stability of the
Im-3m phase as a function of pressure in order to provide
a deeper understanding regarding this question.
C. Dynamical Stability
Energetic stability is a necessary, but not sufficient con-
dition for a structural phase to be synthetically accessi-
ble. One should also probe the dynamical stability of
the system, which requires the study of the phonon fre-
quencies. If imaginary frequencies emerge (usually rep-
resented by negative frequencies in the phonon disper-
sion curves), this would indicate that the system is at a
potential-energy maximum (transient state), undergoing
a phase transition and thus cannot be kinetically stable at
the given temperature and/or pressure conditions.68–73
In this section, we consider the phonon properties of
different phases for the three compounds, which were ob-
served to be energetically the most favourable (Fig. 2)
at different pressure values, namely:
1. The disordered Im-3m phases of the three materi-
ales at different pressure ranges.
2. The Pnma phase of the three systems at 50 GPa.
3. The Pnma and R-3m phases of Sb2Se3 at 0 GPa.
1. The Disordered BCC-Type Im-3m Phase
To assess the possibility of dynamical stability for the
disordered Im-3m phases of the three compounds at HP,
we have evaluated the phonon dispersion curves at pres-
sure values of 30 GPa, which is close to the transition
pressures observed in Fig. 2; and at higher pressures of
50 (Sb2Se3) and 60 GPa (Sb2S3, Bi2S3).
As illustrated in Fig. 3, at 30 GPa all three disor-
dered structures show negative modes along the disper-
sion curves, thus indicating that these structures are dy-
namically unstable at this pressure range.
At 60 GPa the phonon dispersion curves of Sb2S3 and
Bi2S3 present imaginary modes (Fig. 3), indicating that
neither compound is likely to adopt this phase for pres-
sures, at least until 60 GPa. We note however that the
dynamical instabilities found for Sb2S3 and Bi2S3 both
decrease (the negative modes shift to higher frequency
values, towards positive values) with increasing pressure,
suggesting that these phases could in principle become
stable at pressures above 60 GPa. In this context, we
must note that Efthimiopoulos et al.,16 had observed a
pressure-induced amorphization above 50 GPa for Bi2S3,
however the authors were not able to identify the phase
to be the disordered Im-3m structure, even at 65 GPa.
On the other hand, experimental data for Sb2S3, sug-
gests that the disordered bcc-like phase exists between
28.2 and 50.2 GPa.24 However, it must be noted, that
experimental measurements detailed in Ref. 24 were car-
ried out under non-hydrostatic behaviour, due to the em-
ployed pressure-transmitting medium.
Finally, our calculations suggest that Sb2Se3 becomes
dynamically stable already at 50 GPa; a result that is in
agreement with the Im-3m phase being observed experi-
mentally around 50 GPa.15
To close this point, we can speculate that the stabil-
ity of the disordered solid solution of sesquichalcogenides
seems to be related to the size of cations and anions since
the Im-3m phase is consistently being observed at HP
for sesquichalcogenides with heavier cations and anions
(Sb2Se3, Sb2Te3, Bi2Se3, and Bi2Te3). It seems that the
possibility of occuring such a HP phase could be related
to the radii size74 of Se, Te, Sb and Bi (atomic radii:
rSe = 117, rTe = 137, rSb = 141 and rBi = 182 pm,
respectively). Stemming on these values, we can infer
that the solid solutions are energetically favourable in
sesquichalcogenides if the atomic radii of the cation and
anion differ by less than ∼ 65 pm, or if the size ratio
between them is smaller than 1.55 (case of Bi2Se3). It
is thus likely that the disordered Im-3m phase of Sb2S3
could indeed stabilize, because the radii difference be-
tween rSb and rS is 37 pm (141-104=37 pm) and the size
ratio is 1.35, and therefore within the above mentioned
thresholds. However, the larger radius of Bi results in a
larger radii difference (78 pm) and ratio (1.75) with re-
spect to S, which could therefore evidence the instability
of such a disordered phase for Bi2S3 at HP.
Moreover and as suggested in Ref. 36, the atomic radii
between the anion and cation tends to become approxi-
mately equal under pressure due to a higher probability
of charge transfer from cation to anion. Therefore, HP
inherently creates a favourable enviroment for the disor-
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FIG. 3: Simulated phonon dispersion curves of the disordered bcc-like Im-3m phases of Sb2S3 (a), Bi2S3 (b) and Sb2Se3 (c),
and calculated at 30 GPa (left) and 50 (Sb2Se3) or 60 GPa (Sb2S3 and Bi2S3; right). The BZ q-vector description represents
the C2/m space-group, according to the symmetry of the employed cell.
dered phase due to the decrease of the difference between
cation and anion atomic radii. Consequently, the transi-
tion to the Bi2S3 disordered solid solution could probably
be induced for very high pressure values, namely when
the difference between the two radii decreases below 65
pm and the ratio decreases below 1.55.
2. The Low-Pressure Pnma Phase at High-Pressure
In order to study the dynamical stability of the well
known low-pressure Pnma phase at HP, we present in
Fig. 4 the phonon dispersion curves of the respective
phase for Sb2S3, Bi2S3 and Sb2Se3 at 50 GPa.
Curiously enough, we find that for Sb2S3 and Bi2S3 the
system is still dynamically stable at 50 GPa, although
thermodynamically it is not the most stable phase (Fig.
2). These results, together with the dynamical instabil-
ity observed for the disordered phase of Sb2S3 and Bi2S3
at 50 GPa (Fig. 3), and the thermodymical instability of
the C2/m and C2/c phases, suggest that only the Pnma
structure should be observed at 50 GPa for both com-
pounds; upto a plausible phase-transition should occur
at higher pressures values.
For Sb2Se3 however, we note that at 50 GPa the Pnma
structure starts presenting negative frequencies, localised
around the zone-centre, therefore evidencing dynamical
unstability at the same pressure range where the disor-
dered Im-3m phase is already dynamically stable (Fig.
3). Therefore, our dynamical and thermodynamical re-
sults of Sb2Se3, clearly suggests that at HP a transition
from the Pnma phase to the disordered Im-3m phase is
likely to occur, in good agreement with experiment.
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FIG. 4: Simulated phonon dispersion curves of the Pnma
phases of Sb2S3 (a), Bi2S3 (b) and Sb2Se3 (c), calculated at
50 GPa.
3. The Low-Pressure Phases of Sb2Se3
By considering the enthalpy energies of the Pnma vs
R-3m phases of Sb2Se3 (Fig. 2) we have shown that the
R-3m phase is energetically the most favourable phase
up to ∼4.8 GPa, evidencing a very low energy barrier
between the Pnma phase of only 22.71 meV (per f.u.) at
0 GPa.
In order to verify if the entropy contributions to the
FIG. 5: Constant-volume Helmoltz (top) and Gibbs (bot-
tom) free energies of the R-3m phase (green) relative to the
Pnma phase (red) of Sb2Se3 as a function of temperature.
DFT total energies could affect the energetic stability
found for R-3m with respect to Pnma (the experimen-
tally observed phase), we have evaluated the constant-
volume (Helmholtz) Free energy at 0 GPa (Fig. 5, top).
The Helmholtz Free energy (F ) is obtained by summing
the lattice energy (DFT total energy) and the vibra-
tional contributions from the population of the harmonic
phonon energy levels.75
From Fig. 5 (top), we may observe that at 0 GPa the
R-3m phase is the most stable phase at any tempera-
ture range, and no transitioning is observed to the Pnma
structure. At 0 K, the Free energy difference between
the two phases is 27.24 meV, which is ∼4.53 meV higher
when compared to the enthalpy energy difference at 0
K (zero-point energy). Moreover, at 300 K the energy
difference between the phases has a negligible increase of
0.11 meV (27.35 meV).
Another factor that can influence in the ordering of two
competing phases is the thermal expansion. Variation of
the lattice volume due to thermal expansion/contraction
can be introduced by the quasi-harmonic approximation
(QHA), in which the thermal expansion of the lattice
is obtained from the volume dependence of the phonon
frequencies. The evaluation of the equilibrium volume
and Gibbs free energy (G) at a finite temperature is thus
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obtained by minimising the Helmoltz Free energy for a
given (constant) pressure. The theoretical background of
the QHA is detailed in Refs. 75 and 76 and therefore will
not be extended in the present work.
Fig. 5 (bottom) shows the difference of G between the
two phases of interest. One may observe that by tak-
ing into account the thermal expansion, the R-3m phase
still remains the most stable phase with respect to the
Pnma phase, with an energy difference of 29.43 meV at
0 K (very similar behaviour to that obtained from F ).
At room temperature (300 K) the energy difference be-
tween the phases decreases slightly down to 26.96 meV.
In summary, at room pressure, our Free energy results
show that R-3m is always more stable than Pnma at
any temperature. Neither for F nor for G do the dif-
ferences decrease below the kBT limit, and therefore the
energy barrier is higher than that required for the phase
transition to be spontaneous given the available thermal
energy (which does not occur when the zero-point energy
is not considered).
We also present the G differences of Sb2Se3 for pres-
sure values between 0 and 5 GPa (Fig. 6), in order to
analyse the energetic ordering between the two phases
and probe if a pressure-induced phase transition could
be observed as a function of temperature. We observe
that the R-3m phase persists in the energetically stabil-
ity at any temperature range up to 1000 K, for 3 and
4 GPa. However we must note that the energy differ-
ences between the two phases decreases considerably for
increasing pressures and at high temperature values. At
4 GPa the lowest energy difference (∼3.25 meV) between
the two phases occurs between 650-700 K. Increasing the
pressure slightly (4.2 GPa) results in an energy decrease
of Pnma nearly reaching the energy of R-3m at around
400 K. In fact, at 4.3 GPa the phase transition from R-
3m to Pnma is observed around 400 K; at 4.5 GPa the
transition temperature decreases to ∼200 K. Finally at
5 GPa, the Pnma phase becomes the most energetically
favourable structure for the Sb2Se3 system.
Based on the analysis from G, we conclude that the
pressure-induced transition between the R-3m to Pnma
is favoured at low pressures (between 4.2-4.4 GPa) near
room temperature conditions. This conclusion is very
similar to that evidenced from the enthalpy plots at 0
K (Fig. 2) where the phase transition is predicted to be
around 4.8 GPa.
After confirming that in fact the R-3m phase is ther-
modynamically more stable than the Pnma phase at 0
GPa, at any temperature range, we probe the dynam-
ical stability of the R-3m compound in order to assess
whether this structure could potentially be synthesized
for Sb2Se3 at/or close to ambient conditions.
For this purpose, we have evaluated the phonon band
dispersion and density of states (DoS) of the R-3m phase
phase at 0 GPa, for different temperature values (Fig.
7). We also present the phonon band structure and DoS
for the Pnma phase for sake of comparison. Our results
show that there are no imaginary frequencies through-
out the whole of the Brillouin-zone, thus indicating that
both phases to be dynamically stable under ambient
conditions (0 GPa and room temperature) and confirm-
ing that, as implied by the energetics comparison, both
phases could potentially coexist.
In this context, we must note that our results confirm
a recent theoretical work performed on the R-3m Sb2Se3
phase reporting the phonon dispersion curves, and con-
firming dynamical stability of this phase at 0 GPA and 0
K.29 In this work, the formation energies of Sb2Se3 were
also computed evidencing the R-3m phase to be energet-
ically stable. Moreover, ab initio molecular dynamics29
confirm that the R-3m phase remains unchanged at finite
temperature (300 K), once again favouring our presented
results.
D. Mechanical Stability
Mechanical or elastic stability is the third condition
that should be satisfied for a system to be potentially
synthesized. Such a study is carried out by probing if the
elastic constants obey the Born stability criteria when the
solid is submitted to homogeneous deformations.68,77,78
We therefore evaluate the mechanical stability of the
Pnma and R-3m phases of Sb2Se3 by calculating and
comparing the elastic tensors between the two low-
pressure phases (Tab. III).
To confirm the accuracy of our calculated elastic con-
stants, we have computed the linear compressibility of
both phases at 0 GPa using the ELATE analysis tools.
For both phases, only directions corresponding to pos-
itive linear compressibilities were obtained, indicating
both phases to be mechanically stable under ambient
conditions. In the case of the R-3m phase, we have ob-
tained linear compressibilities between βmin = 4.9 TPa−1
(hexagonal a-axis) and βmax = 19.5 TPa−1 (hexago-
nal c-axis) with an anisotropy value of 3.95. For the
Pnma phase, the compressibilities fall between βmin =
3.7 TPa−1 (b-axis) and βmax = 25.7 TPa−1 (a-axis) with
an anisotropy of 6.87. These values are of the same order
as the experimental axial compressibilities of the Pnma
phase of Sb2Se3 (βa = 15.2 TPa−1, βb = 3.9 TPa−1,
βc = 8.3 TPa−1).16 We must stress that the bulk mod-
ulus of the Pnma phase of Sb2Se3 calculated from the
elastic-constant tensor (31.8 GPa), and summarized in
Tab. IV together with other elastic moduli, is similar to
that obtained from the Birch-Murnaghan fit (c.f. Tab.
I), as expected, thus demonstrating the adequate conver-
gence criteria employed throughout the present calcula-
tions. The calculated elastic constants in Tab. III fulfill
the necessary and sufficient Born criteria for the mechan-
ical stability of orthorhombic (Eq. 1) and rhombohedral
(Eq. 2) systems, respectively.78 Therefore, our calculated
elastic constants indicate that both the R-3m and Pnma
phases of Sb2Se3 are mechanically stable under ambient
conditions.
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FIG. 6: Gibbs free energies of the R-3m phase (green) relative to the Pnma phase (red) of Sb2Se3 as a function of temperature,
and for different pressure values.
TABLE III: Calculated elastic constants cij (GPa) of the Pnma and R-3m phases of Sb2Se3 at 0 GPa.
c11 c22 c33 c12 c13 c23 c44 c55 c66
Pnma 30.92 81.65 55.20 17.32 15.10 26.89 17.83 25.21 7.69
c11 = c22 c33 c12 c13 = c23 c15 = -c25 = c46 c44 = c55 c66
R-3m 90.81 40.21 25.85 21.61 -12.00 25.10 32.48
TABLE IV: Calculated elastic properties of the Pnma and
R-3m phases in Sb2Se3 at 0 GPa as obtained within the Voigt
approximation using the ELATE analysis tool: bulk modulus,
B0, Young modulus, E, shear modulus, G and Poisson’s ratio,
υ.
B0 (GPa) E (GPa) G (GPa) υ
Pnma 31.82 44.10 17.38 0.27
R-3m 40.00 65.56 26.72 0.23
c11, c44, c55, c66 > 0;
c11c22 > c
2
12;
c11c22c33 + 2c12c13c23
−c11c223 − c22c213 − c33c212 > 0 (1)
c11 > |c12|; c44 > 0;
c213 <
1
2
c33(c11 + c12);
c214 <
1
2
c44(c11 − c12) = c44c66 (2)
We note that elastic tensors of Sb2Se3 have been pre-
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FIG. 7: Quasi-harmonic phonon dispersion curves for Pnma-
Sb2Se3 (top) and R-3m-Sb2Se3 (bottom). The color gradient
runs from blue (low T) to red (high T) across the temper-
atures associated with the volume expansions considered in
our calculations.
viously calculated,52 although as for the bulk modulus,
respective components were overestimated as well. We
believe a reason for the disagreement could be due to the
low cut-off energy used in those calculations.
E. Lattice Parameters, Infrared and Raman Spec-
tra of the R-3m phase of Sb2Se3
Our calculations show that the R-3m phase of Sb2Se3
is energetically competitive with the Pnma phase and is
both mechanically and dynamically stable, all of which
suggest this phase should be a ground-state structure un-
der ambient conditions.
The inconsistency found between the theoretical and
experimental data regarding Sb2Se3, can be based on
the possibility that the Pnma phase forms faster than
the R-3m phase, under the usual synthesis conditions.
In fact, the R-3m phase has not been proposed on the
pressure/temperature phase diagram prepared by Pfeif-
TABLE V: Predicted lattice constants and atomic positions
for the hexagonal unit cell of the R-3m phase in Sb2Se3 at 0
GPa.
a0 (Å) c0 (Å) V0 (Å3) B0 (GPa) B′0
4.01 28.16 392.16 50.56 4.16
Site Sym. x y z
Sb1 6c 3m 0.00000 0.00000 0.60082
Se1 3a -3m 0.00000 0.00000 0.00000
Se2 6c 3m 0.00000 0.00000 0.78792
TABLE VI: Calculated vibrational modes of the R-3m phase
of Sb2Se3 at 0 GPa. The three acoustic IR-active modes are
formed by the irreducible representations of Γacoustic = A2u
+ Eu and the remaining 12 optical modes are Γoptical = 2Eg
(Raman) + 2A1g (Raman) + 2Eu (IR) + 2A2u (IR).
Irr.eps. Frequency Raman Intensity Intensity
(cm−1) (105 Å4 amu−1) (e2 amu−1)
Eg 53.3 0.02 Inactive
A1g 83.7 0.37 Inactive
Eu 86.6 Inactive 3.47
Eu 131.7 Inactive 0.03
Eg 139.4 3.32 Inactive
A2u 145.1 Inactive 0.18
A2u 182.8 Inactive 0.29
A1g 203.8 1.02 Inactive
fer et al.,79 although this study did not attempt to vary
the synthesis conditions at close to ambient pressure, as
the present calculations suggest. In any case, it is note-
worthy of mentioning that our calculations indicate the
R-3m phase of Sb2Se3 is energetically competitive with
the Pnma phase at close to ambient conditions. This
raises the possibility that the R-3m phase could poten-
tially be prepared under slightly non-equilibrium condi-
tions. We must note that Bera et al.,28 have claimed of
having observed such a phase at room temperature, al-
though such an observation has not been confirmed by
any other experimental group up untill now.
In order to assist with the possible experimental syn-
thesis of this phase, we provide the calculated lattice
parameters and atomic positions of our optimised zero-
pressure R-3m structure in Table V.
We have also computed the IR and Raman spectra to
aid in the identification of the spectral signatures that
should distinguish the R-3m from the Pnma phase (Fig.
8).15
The frequencies, irreducible representations and
IR/Raman intensities associated with each of the zone-
centre (Γ-point) vibrational modes are listed in Table VI.
The inversion symmetry in the R-3m structure leads
to mutual exclusion between the IR and Raman activ-
ity of the modes, with each spectrum being characterised
by four bands.25 The most intense Raman band occurs
around 139 cm−1 (Eg), while a second prominent fea-
ture is predicted at ∼204 cm−1 (A1g). The frequency of
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FIG. 8: Simulated infrared (IR; top) and Raman (bottom)
spectra of the R-3m phase of Sb2Se3 at 0 GPa. The spectral
lines have been broadened with the calculated intrinsic mode
linewidths at 300 K.
this A1g mode is higher than in Bi2Se3 but lower than
in In2Se3, as expected from the difference in mass be-
tween In, Sb and Bi.80,81 Lower-frequency Eg and A1g
modes with much lower intensities are also found around
53 and 84 cm−1, respectively, which are again slightly
higher than the corresponding frequencies calculated for
Bi2Se3.80 There are four IR-active modes, two with E1u
symmetry (87 and 132 cm−1) and two with A2u bands
(145 and 183 cm−1). Of these, the 87 cm−1 mode is
the most prominent in the spectrum, while the second
Eu mode at 132 cm−1 is very weak. The two A2u bands
have comparable, moderate intensities and form a pair of
smaller features at higher frequencies. As expected given
the mass difference, the IR-active modes in Sb2Se3 again
have slightly higher frequencies than those calculated for
Bi2Se3.80
IV. CONCLUSIONS
In summary, we have carried out a comprehensive set
of calculations to investigate the stability of five possible
phases, viz. Pnma, R-3m, C2/m, C2/c and disordered
Im-3m of the Sb2S3, Bi2S3 and Sb2Se3 sesquichalco-
genides under hydrostatic pressures up to 60 GPa.
For the three coumpounds we find that the monoclinic
C2/m and C2/c phases are energetically less favourable
throughout the studied pressure range and are not ex-
pected to be observed at HP under hydrostatic condi-
tions. On the other hand, the disordered bcc-like Im-
3m phase is predicted to be the most energetically stable
phase of the three compounds at HP. However, calculated
phonon dispersion curves indicate that such a structural
phase remains dynamically unstable up to at least 60
GPa for Sb2S3 and Bi2S3. Moreover, the Pnma phase
is stable for the two compounds at HP, even up to 50
GPa; therefore, we do not expect to observe the disor-
dered Im-3m phase in either of these two compounds
below 50 GPa. This conclusion agrees with results from
Ref. 16, where the disordered phase has not been ob-
served for Bi2S3 up to 65 GPa. However, our results
disagree for Sb2S3 with what was reported in Ref. 22, re-
garding the observation of multiple high-pressure phases.
This effect could have been caused by the use of the
specific pressure-transmitting medium resulting in non-
hydrostatic behaviour during the experimental measure-
ments.
For Sb2Se3 our calculations predict a transition to oc-
cur from the Pnma to the disordered Im-3m phase above
21 GPa. Unlike the former two compounds, at 50 GPa,
the Pnma phase begins to evidence negative phonons at
the Γ-point, thus indicating dynamical instability at HP;
whereas the disordered Im-3m phase stabilizes at this
pressure range. Our calculations therefore support the
conclusion that a phase transition occurs for Sb2Se3 from
the Pnma to the Im-3m phase at HP, in good agreement
with experimental findings.15
By probing the low-pressure regions, we find that the
Pnma phase is the most stable phase for Bi2S3 and Sb2S3,
in good agreement with experiments. However, and un-
expectedly, for Sb2Se3, it is the R-3m phase that possess
lower energy at 0 GPa, being surpassed by the Pnma
at a moderate pressure range, slightly below 5 GPa and
around room-temperature conditions. Since the Pnma
phase is experimentally obtained for Sb2Se3, we sug-
gest that the orthorhombic phase is stabilized by ther-
mal energy at room temperature, which suggests the
possibility of synthesizing the R-3m phase under opti-
mized conditions. We would expect the trigonal phase
to show topological insulating properties under ambient
conditions, which would likely make such an undertaking
highly worthwhile. We therefore provide theoretical lat-
tice parameters and atomic positions along with reference
IR and Raman spectra to aid future experiments to iden-
tify and characterize this phase. We hope that this work
will stimulate further investigation of the sesquichalco-
genides at high pressure, especially to the lesser-known
As analogues of the compounds examined in this work.
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